In photosynthetic eukaryotes, the metabolite exchange between chloroplast and mitochondria ensures efficient photosynthesis under saturating light conditions. The Chlamydomonas reinhardtii mutant stm6 is devoid of the mitochondrial transcription termination factor MOC1 and aberrantly expresses the mitochondrial genome, resulting in enhanced photosynthetic hydrogen production and diminished light tolerance. We analyzed the modulation of mitochondrial and chlororespiration during the acclimation of stm6 and the MOC1-complemented strain to excess light. Although light stress stimulated mitochondrial respiration via the energy-conserving cytochrome c pathway in both strains, the mutant was unable to finetune the expression and activity of oxidative phosphorylation complex I in excess light, which was accompanied by an increased mitochondrial respiration via the alternative oxidase pathway. Furthermore, stm6 failed to fully activate chlororespiration and cyclic electron flow due to a more oxidized state of the chloroplast stroma, which is caused by an increased mitochondrial electron sink capacity. Increased susceptibility to photoinhibition of PSII in stm6 demonstrates that the MOC1-dependent modulation of mitochondrial respiration helps control the stromal redox poise as a crucial part of high-light acclimation in C. reinhardtii.
Photosynthetic organisms apply multiple strategies to adjust their photosynthetic machineries and the cellular metabolism to changes in light quality and quantity (Noguchi and Yoshida, 2008) . So far most of the studies carried out to analyze the mechanisms underlying light acclimation in higher plants and green algae have focused on the adjustment of biochemical processes in the chloroplast, as a response to constantly changing external factors affecting photosynthetic performance such as light availability. However, it is quite evident that unperturbed photosynthetic activity requires functional mitorespiration in the light (Noguchi and Yoshida, 2008) , and this dependence was demonstrated by the characterization of mutants (Dutilleul et al., 2003; Sweetlove et al., 2006; Schönfeld et al., 2004) primarily affected in mitochondrial metabolism that display a severe impairment of photosynthetic performance.
Several functions of mitochondrial respiration in the light are discussed, and among the proposed functions is the prevention of a stromal overreduction under excess light conditions, implicating the export of chloroplastreducing equivalents and their consumption by mitochondria (Noguchi and Yoshida, 2008; Zhang et al., 2012) . In higher plants, the non-proton pumping, respiratory enzyme alternative oxidase seems to be required for this "electron sink" function of mitochondria (Vishwakarma et al., 2014) . In contrast to the components of the cytochrome c pathway, which pump protons across the inner mitochondrial membrane, enzymes of the alternative pathway do not contribute to ATP formation and are not inhibited by a large electrochemical proton gradient, which can exist under stress conditions (Rasmusson and Wallström, 2010) . Besides dissipating excess reducing power in the chloroplast, a flow of reducing equivalents from the chloroplast to mitochondria can completely replace photophosphorylation as a source of cellular ATP, as was recently shown for the diatom Phaeodactylum tricornutum (Bailleul et al., 2015) .
For the unicellular green alga Chlamydomonas reinhardtii, a large collection of dum mutants exists (for review, see Salinas et al., 2014) , which lack individual components of the cytochrome pathway. These mutants have been characterized in detail regarding their photosynthetic performance under low-light conditions in the presence acetate (Cardol et al., 2003) . The phenotype of dum mutants was characterized by a decreased quantum efficiency of linear photosynthetic electron transport and a block in state II with increased rates of cyclic electron transport (Cardol et al., 2003; Cardol et al., 2009) . Furthermore, nonphotochemical plastoquinone reduction via chlororespiration is elevated in the mutants (Cardol et al., 2003; Houyoux et al., 2011) . Although photosynthetic performance is decreased and light acclimation perturbed in dum mutants grown mixotrophically (Cardol et al., 2003) , even the most affected dum mutants in terms of mitochondrial ATP production do not show a light-sensitive phenotype under photoautotrophic conditions (Dorthu et al., 1992; Cardol et al., 2009) . In contrast to observations made with dum mutants lacking complexes of the cytochrome pathway, a knockdown of the alternative oxidase AOX1 does not result in a decreased photosynthetic performance of C. reinhardtii cells, as can be concluded from an unaltered photosynthetic light saturation curve (Mathy et al., 2010) .
Another C. reinhardtii mutant, affected in mitochondrial respiration and designated stm6, was identified in a forward genetics screen aiming at the identification of nuclear genes implicated in light acclimation processes (Schönfeld et al., 2004) . The gene, knocked-out in this mutant, encodes the mitochondrial mTERF (Kleine and Leister 2015) factor MOC1, which binds specifically to a sequence within the mitochondrial rRNA-coding module S3 and prevents read-through transcription at this site by acting as a transcription terminator in vivo (Wobbe and Nixon 2013) . Besides decreasing the amount of unprocessed mitochondrial sense transcripts, a loss of MOC1 leads also to diminished amounts of mature transcripts encoding the oxidative phosphorylation (OXPHOS) complex I subunit nd1 (Wobbe and Nixon 2013 ). An interesting aspect of the phenotype displayed by stm6 is that processes primarily located in the chloroplast are severely affected by the absence of functional mitochondrial transcription termination: the mutant produces high amounts of hydrogen under anaerobic conditions in the light (Kruse et al., 2005) and shows a reduced nonphotochemical quenching capacity associated with decreased light tolerance (Nguyen et al., 2011) .
Enhanced photobiological hydrogen production could be partly explained by an increased respiratory consumption of acetate (Kruse et al., 2005) via cyanideinsensitive pathways (Schönfeld et al., 2004) that results in an earlier onset of hydrogen production by a quicker establishment of anaerobic conditions required for the activation of the hydrogenase pathway (Kruse et al., 2005; Doebbe et al., 2010; Nguyen et al., 2011) . Additionally, this faster transition from aerobic to anaerobic conditions in sulfur-depleted stm6 cultures was recently proposed to reduce the exposure time of PSII to reactive oxygen species formed in sulfur-deprived cells when the PSII repair cycle is impaired. In this study, a higher residual PSII activity was seen for stm6 within the anaerobic phase and suggested as an explanation for the higher hydrogen production capacity, since both wild type and stm6 maintained electron flow to the hydrogenase by water-splitting and linear electron transport (Volgusheva et al., 2013) . However, several studies demonstrated the competition between cyclic electron flow and hydrogen production in C. reinhardtii (Tolleter et al., 2011; Steinbeck et al., 2015) , and the inability of stm6 to switch from linear to cyclic electron flow under anaerobic conditions (Kruse et al., 2005) should largely contribute to its elevated hydrogen production capacity.
Mitochondrial transcription termination mediated by MOC1 is enhanced following exposure of photoautotrophic C. reinhardtii cultures to excess light, which is accompanied by a strong accumulation of MOC1 under these conditions (Wobbe and Nixon 2013) . At the same time, stm6 shows reduced growth under photoautotrophic high-light conditions (Schönfeld et al., 2004; Nguyen et al., 2011) and strong lipid peroxidation already under low-light conditions in acetate-containing medium (Schönfeld et al., 2004) . Impaired accumulation of protein LHCSR3, as a key factor required for energydependent quenching (qE), together with a lowered nonphotochemical quenching capacity were proposed to contribute to the high-light sensitivity of stm6 (Nguyen et al., 2011) , but the connection between perturbed light acclimation and altered mitochondrial respiration remained unclear.
In this study, we analyzed the modulation of mitochondrial respiration/chlororespiration and the impact of mitochondrial reductant uptake on the stromal redox poise following a transfer of photoautotrophic C. reinhardtii cultures from low light to high light that either contained or were devoid of MOC1.
RESULTS

A Knockout of MOC1 Perturbs the Modulation of Mitochondrial Respiration Occurring as a Long-Term Response to Excess Light
As reported previously (Wobbe and Nixon, 2013) , a transfer of photoautotrophically grown C. reinhardtii cultures from low light (100 mmol photons m 22 s 21 ) to high light (1,500 mmol photons m 22 s 21 ) triggers an accumulation of the mitochondrial transcription termination factor MOC1 (Fig. 1A) . Under these conditions, MOC1 accumulation enhances transcription termination at its binding site in the mitochondrial genome, resulting in a decline of mitochondrial antisense RNA levels, which originate from read-through transcription at an unoccupied binding site. In the same study (Wobbe and Nixon, 2013) , expression of the nd1 gene, encoding a mtDNA-encoded subunit of OXPHOS complex I, was shown to be most affected by a MOC1 knockout among the protein-encoding genes present in the mitochondrial genome of C. reinhardtii. Under photoheterotrophic cultivation conditions and using moderate light intensities, absence of MOC1 results in a decreased accumulation of nd1 transcripts (Wobbe and Nixon, 2013) .
To analyze whether the high light-induced accumulation of MOC1 is accompanied by changes in the level of nd1 transcripts (Fig. 1B) , RT-qPCR was performed with RNA samples derived from low light-and high light-acclimated cells, which either contained MOC1 or were devoid of it. In the MOC1-complemented strain, referred to as B13 (Schönfeld et al., 2004) in the following, nd1 levels (Fig. 1B , black bars) remained unaltered after the onset of high light exposure (1.30 6 0.37 [SE] at t 3h with t 0 set to 1). In the MOC1 knockout mutant stm6, nd1 levels were significantly (P , 0.05) lower than respective B13 levels during high light exposure and at t 0h (Fig. 1B, red bars) . While in strain B13 the prestress levels of transcript nd1 were maintained during prolonged high light exposure, stm6 displayed a different behavior with lower transcript levels found at higher light intensities (0.72 6 0.03 at t 0h versus 0.37 6 0.14 at t 3h ; P , 0.1). In line with earlier findings (Wobbe and Nixon 2013) , the differences seen between B13 and stm6 levels of cox1, encoding a subunit of OXPHOS complex IV, were insignificant for all time points (Fig. 1B , gray/ orange bars; P . 0.1). Furthermore, none of the two strains showed significant alterations of the cox1 transcript level after 3 h of high light exposure (P . 0.1). High light-induced changes in the level of cob transcript (green/blue bars), which encodes an OXPHOS complex Figure 1 . Gene expression modulation of mitorespiratory components in response to excess light is altered in mutant stm6. A, Immunodetection of MOC1 (IB) in the MOC1-complemented strain (B13). A photoautotrophic culture was grown at a low light intensity (100 mmol photons m 22 s 21 ) before splitting it into two new cultures at t 0h . One of the cultures was cultivated at low light intensity (LL) and the other one under high light conditions (1,500 mmol photons m 22 s 21 ). Protein samples were taken at indicated time points. Loading control: Coomassie Brilliant Blue (CBB) stain. B, RT-qPCR analysis of nd1, cox1, and cob transcript levels in B13 and stm6 before (0h) and distinct hours after the onset of high light stress. Expression levels were normalized to the mRNA level of B13 at t 0h (set to 1). SEs are derived from three biological replicates, each including at least three technical replicates (n = 3). Asterisks indicate significant differences between B13 and stm6 according to a two-tailed Student's t test (*P , 0.05; **P , 0.1). C, mRNA levels of nucleus-encoded complex I (NUO5/21) and complex IV subunits (COX3C/5C) before (0 h) and after exposure to high light (3 h). SEs are derived from two biological replicates, each including three technical replicates (n = 2). D, Expression levels of transcripts encoding mitochondrial alternative oxidase (AOX1) and two different rotenone-insensitive NAD(P)H dehydrogenases (NDA1/5). SEs are derived from three biological replicates, each including three technical replicates (n = 3). E, Immunodetection of proteins AOX1, cox1, COX2B, and histone H3. III subunit, were insignificant, and for none of the time points significant strain-to-strain differences in cob levels could be observed (P . 0.1).
To analyze the impact of high light stress on the expression of nucleus-encoded components of OXPHOS complex I and IV, two representative subunits were chosen for each respiratory complex (Fig. 1C) . Transcript accumulation during high light acclimation could be observed for only NUO21 in strain B13 (gray bar; 1 versus 1.96 6 0.01; P , 0.05), and differences between stm6 and B13 were seen for only COX3C at t 0 (green/ blue bars; 1 versus 0.19; P , 0.05).
We also analyzed if the application of high light stress alters the expression of genes encoding components of the alternative respiratory pathway in the mitochondrion (Fig. 1D) . In Chlamydomonas, the gene AOX1 encodes the major mitochondrial alternative oxidase (Dinant et al., 2001; Baurain et al., 2003) , and AOX1 mRNA levels declined in response to high light in both strains. Transcript levels of AOX1 were, however, significantly (P , 0.05) higher in stm6 (red bars) compared to B13 (black bars) before (t 0 ; 2.33 6 0.31 for stm6 with B13 set to 1) and during growth in high light (t 3h ; 1.08 6 0.07/stm6 and 0.48 6 0.01/B13). In contrast to AOX1, expression of the NDA1 gene increased during cultivation of B13 in high light (3.11 6 1.05 at t 3h versus 1 at t 0 ; gray bars; P . 0.1) This gene encodes a matrix-facing rotenone-insensitive NAD(P)H dehydrogenase located in the inner mitochondrial membrane (Lecler et al., 2012) . This strong difference between NDA1 transcript levels in low and high lightcultivated cells could not be seen in stm6 (2.49 6 0.36 at t 0 versus 2.96 6 0.49 at t 3h ; orange bars), which showed high levels already under low light conditions (2.49 6 0.36 versus 1; P , 0.05). A higher mRNA level in stm6 versus B13 under low light conditions (3.34 6 0.67 versus 1; P , 0.05) could also be observed for NDA5 (UniProt KB: A6YT86; green/blue bars; see Supplemental  Table S1 for Phytozome locus names), which encodes a putative rotenone-insensitive NAD(P)H dehydrogenase that is targeted to the mitochondrion according to the prediction tool PredAlgo (Tardif et al., 2012) . NDA1 and NDA5 mRNA levels did not differ significantly between high light-grown stm6 and B13 cells (P . 0.1), and changes in the transcript level between low and high light conditions were insignificant for NDA5 in both cell lines (P . 0.1).
The higher level of AOX1 mRNA in stm6 versus B13 under limited and excess light conditions was also reflected by higher AOX1 protein levels in low light-(t 0 ; 2.94 6 0.90 versus 1; P , 0.1) and high light-cultivated (t 8 ; 0.96 6 0.30 versus 0.39 6 0.11; P . 0.1) stm6 cells in comparison to those of cell line B13 (Fig. 1E, aAOX1) . In both strains the AOX1 level decreased following the exposure to high light (stm6/P . 0.1; B13/P , 0.05). Protein levels of the complex IV subunit COX2B (Fig.  1E , aCOX2B) declined in B13 by about 25% (1 at t 0 versus 0.74 6 0.05; P , 0.05). A similar, steady decline could not be observed for stm6, since COX2B protein levels remained almost unaltered after a transfer from low light to high light (0.82 6 0.24 at t 0 versus 0.96 6 0.10 at t 8 ; P . 0.1). The levels of cox1 protein did not differ significantly between both strains, and high light acclimation was not accompanied by significant changes in the amount of this protein either (P values . 0.1).
Overall, expression analyses revealed that stm6 fails to maintain the prestress level of mitochondrial transcripts encoding the complex I subunit nd1, but expresses genes encoding enzymes required for alternative modes of respiration at higher levels than B13. While the protein and transcript levels of AOX1 are constitutively higher in stm6 compared to B13 (Fig. 1, D and E) , differences in the transcript levels of NDA1/5 are more prominent under low light conditions (Fig. 1D) . The acclimation to excess light implicates a strong down-regulation of AOX1 expression, whereas observed transcriptional changes ( Fig.  1C ; COX3C/5C) and the analysis of protein levels (COX2B; cox1; Fig. 1E ) do not indicate a similar expression pattern for complex IV components.
To investigate if the differences between stm6 and B13 that were seen in regard to the expression modulation of genes implicated in mitochondrial respiration ( Fig. 1 ) are translated into a distinct respiratory activity, dark respiration rates were determined for mutant stm6 (red bars) and B13 (black bars) before and after cultivation in excess light for several hours ( Fig. 2A) . In photoautotrophic low light conditions, stm6 showed an increased rate of dark respiration (152 6 21% [SE] versus 100% for B13), which is in accordance with higher respiratory rates previously found for the mutant during cultivation in the presence of acetate (Kruse et al., 2005) . In both strains, exposure to excess light for 8 h dramatically increased the rates of dark respiration (;180% [B13] and ;150% [stm6] increase relative to t0), and similar rates were recorded after prolonged high light cultivation (t8h: 278 6 47%/B13 and 252 6 27%/stm6).
A more detailed analysis of mitochondrial respiration in both strains revealed further differences (Fig. 2 , B-D). Within mitochondrial respiration, oxygen can be either consumed via the classical cytochrome c pathway, implicating the full respiratory chain with OXPHOS complexes I, II, III, and IV, or by action of nonproton-pumping (energy-dissipative) pathways composed of the enzymes AOX (Moore et al., 2013) and rotenone-insensitive (type II) dehydrogenases (Møller et al., 1993) . Importantly, the latter pathway, although efficient in consuming reducing power, does not contribute to ATP synthesis, whereas operation of the cytochrome c pathway generates a strong proton motive force enabling ATP production. In addition to respiratory pathways located in mitochondria, chlororespiration (Bennoun, 1982) can contribute to dark respiration. Within this pathway, electrons from NADPH can be transferred to oxygen via the concerted action of the plastid-localized NADPH:plastoquinone oxidoreductase NDA2 (Jans et al., 2008 ) and a plastid terminal oxidase (PTOX), which transfers electrons from plastoquinol to oxygen (Nawrocki et al., 2015) . To determine the relative contribution of cyanide-sensitive complex IV (cytochrome c oxidase) and cyanide-insensitive alternative respiration (AOX and PTOX activity) to mitochondrial respiration (Fig. 2B) , rates of dark respiration were analyzed in the presence/absence of potassium cyanide (Mathy et al., 2010) . Complex IV-based activity was inhibited by adding potassium cyanide ( Fig. 2B ; B13/ stm6_KCN) to assess the relative activity of alternative respiration, which was subsequently inhibited (B13/ stm6_KCN+nPG) by the addition of n-propyl gallate (nPG; Møller et al., 1988; Vanlerberghe 2013) . In low light-acclimated (t0) cells of B13 and stm6, the addition of KCN had similar effects (95.7 6 2.9 [SE] for B13 and 98.0 6 2.0 for stm6) on the rates of dark oxygen uptake, but in contrast to B13 cyanide-insensitive respiration could be fully inhibited by the addition of nPG in stm6 (t0; B13/stm6_KCN+nPG), indicating that oxygen consumption in cyanide-treated B13 cultures was not merely based on alternative respiration (AOX+PTOX). In the course of high light-treatment (t2h-t8h), strong differences in the activity of cyanide-insensitive respiration between stm6 and B13 became evident. Cyanideinsensitive respiration was significantly higher in stm6 versus B13 (t4h-t8h; P , 0.05) and at the end of the time-course, stm6 displayed a 2-fold higher relative contribution of cyanide-insensitive respiration (65.8 6 5.8 versus 32.7 6 0.4). Except for time points t0 and t2h, the residual respiration, unrelated to complex IV activity or alternative respiration and observed after adding KCN along with nPG to B13 and stm6 cultures, was comparable. The acclimation to high light was accompanied by a significant decrease (t0 versus t8h; P , 0.05 for B13 and stm6) in the relative contribution of alternative respiration, which was more pronounced in B13 (63% decrease in B13 versus 32% in stm6 from t0 to t8h). A more prominent decrease of alternative respiration following high light acclimation in B13 versus stm6 could also be observed, when alternative respiration was calculated by subtracting residual respiration (KCN + nPG) from cyanide-insensitive respiration (KCN) before normalizing to cell counts (Supplemental Fig. S1 ). While for B13 an ;50% reduction (100% at t0 versus 50 6 21% at t8h; P , 0.1) in alternative respiration rates per cell was notable, such a decrease could not be observed for stm6 (213 6 50% at t0 versus 295 6 167% at t8h; P . 0.1). In addition, cellular rates of alternative respiration were higher in stm6 compared to B13 throughout the entire time-course. The higher amounts of AOX1 protein in stm6 (;2-fold) compared to B13 ( Fig. 1E; aAOX1 ), which were observed in low light and excess light conditions, indicate that alternative respiration, highly active in stm6, is mainly composed of AOX1-based oxygen consumption. When nPG addition preceded the addition of KCN ( Fig. 2C ; B13/ stm6_nPG), the differences between B13 and stm6 were statistically insignificant (P . 0.05), indicating that complex IV contributes to mitochondrial respiration to a comparable extent in both strains. This is in good agreement with the comparable expression of complex IV subunits in B13 and stm6 ( Fig. 2 ; COX3C/5C; COX2B; cox1) observed for light-stressed cells. The increase in the relative contribution of nPG-insensitive (complex IV) respiration seen for both strains after a transfer from low to high light (from 76.6 6 4.3% to Figure 2 . Perturbed acclimation of mitochondrial respiration in response to high light in the absence of MOC1. A, Dark respiration in stm6 (red bars) and B13 (black bars) before (t0) and after the onset of high light stress (t2-8h). Values are normalized to the respiration rate determined for B13 at t0 (set to 100%). Error bars represent the SE derived from five biological replicates (n = 5). Asterisks indicate significant differences between B13 and stm6 according to a two-tailed Student's t test (P , 0.05). B, The relative contribution of alternative respiration (AOX/PTOX) to dark respiration. Alternative respiration was measured as dark respiration in the presence of 1 mM KCN, which could be inhibited by 1 mM nPG (KCN+nPG). Values are given relative to the dark respiration in the absence of inhibitor (set to 100%). SEs are derived from three biological replicates (n = 3). C, The relative contribution of OXPHOS complex IV to dark respiration was measured as dark respiration in the presence of 1 mM nPG, which could be inhibited by 1 mM KCN (nPG+KCN). D, Inhibition of OXPHOS complex I by the addition of 100 mM rotenone. Error bars indicate the SE derived from six biological replicates (n = 6).
91.7 6 5.0% in B13 and from 58.5 6 11.6% to 81.5 6 6.2% in stm6) was not statistically significant (P . 0.05). Respiration in the presence of nPG could be effectively inhibited by the addition of KCN, demonstrating that nPG-insensitive respiration was mainly composed of complex IV activity (B13/stm6_nPG+KCN).
The inhibitor rotenone in conjunction with dark respiration measurements can be used to disentangle complex I-based electron transfer from NADH to ubiquinone and the respective transfer catalyzed by rotenone-insensitive type II-dehydrogenases (Møller et al., 1993; Lecler et al., 2012) . To assess the relative contribution of complex I activity to mitochondrial electron transport in low light-and high lightacclimated cells, the inhibiting effect of rotenone on dark respiration was analyzed in B13 and stm6 (Fig.  2D ). The effect of rotenone on dark respiration increased during the acclimation to excess light in B13 (91.8 6 5.0% at t0 versus 69.7 6 2.7% at t8h; P , 0.05), indicating that the acclimation to excess light implicates a modulation of complex I activity. An increased engagement of complex I in mitochondrial electron transport following high light acclimation could not be noted for stm6 (79.1 6 7.7% at t0 versus 81.2 6 1.7% at t8h). After several hours of high light exposure, rotenone had significantly smaller (;10-15%) effects on dark respiration in stm6 compared to B13 (t6h and t8h; P , 0.05). A lower contribution of complex I to mitochondrial respiration in light-stressed stm6 cells corresponds well to the mutants' inability to maintain the prestress level of mitochondrial transcript nd1, encoding a key subunit of complex I, after the exposure to excess light (Fig. 1B, nd1 ). Higher transcript levels of NDA1 and NDA5 (Fig. 1D ), encoding rotenoneinsensitive NAD(P)H dehydrogenases, in low lightacclimated stm6 cells were, however, not reflected by a lower sensitivity of dark respiration toward rotenone (Fig. 2D, t0 ).
It should be noted, however, that the effects exerted on dark respiration by KCN were much more prominent than those seen for nPG or rotenone. Especially for inhibitors of the alternative pathway, it is known that their effect on dark respiration is moderate and that the actual contribution of alternative respiration is obscured by compensatory changes in other pathways, if used alone (Møller et al., 1988 ).
An analysis of the respiratory activity displayed by stm6 and B13 under high light stress revealed remarkable differences. Mitochondrial electron transport in the mutant implicates energy-dissipating pathways to a greater extent, which produce less ATP per molecule of oxygen consumed. A higher contribution of respiratory electron flow based on the activity of AOX (Fig. 2B ) is in good agreement with the higher mRNA and protein levels found for AOX1 before and during exposure to excess light (Fig. 1, D and E) . In both strains, the exposure to light stress stimulated mitochondrial respiration ( Fig. 2A ) and increased the relative contribution of energy-conserving pathways involving complex IV (Fig. 2 , B and C). A diminished contribution of AOX-based respiration under high light conditions in both strains fits well to the decrease in protein levels in response to light stress (Fig. 1E ). Although AOX activity decreases in both strains following exposure to high light, the remaining AOX1 activity in stm6 is higher than that observed in B13, which is in accordance with higher AOX1 levels detected in light-stressed stm6 cells (Fig.  1E ). Although transcript analyses suggest that stm6 accumulates higher amounts of rotenone-insensitive dehydrogenases under low light conditions, a lower sensitivity of dark respiration toward rotenone could not be seen for stm6 under these conditions. In contrast to B13, however, the mutant fails to adjust complex I activity in response to excess light, and the lower relative contribution of complex I (Fig. 2D ) corresponds nicely to the decline in nd1 transcript levels following the onset of light stress (Fig. 1B) .
The MOC1-Free Mutant Fails to Induce Chlororespiration in Response to Excess Light
A knockout (Schönfeld et al., 2004) or knockdown (Nguyen et al., 2011) of MOC1 has been reported to decrease the growth rate of C. reinhardtii cells under high light conditions. We wanted to assess whether this reduced light tolerance is caused by an increased susceptibility of stm6 to photoinhibition. The degree of photoinhibition upon exposure to high light can be estimated by measuring the quantum yield of PSII (F v /F m ) following a dark incubation (Maxwell and Johnson, 2000) .
Within the first 2 h of high light treatment, the MOC1-complemented strain B13 (black squares) showed a significant decline of the maximum PSII quantum yield (from 0.76 6 0.02 [SE] to 0.55 6 0.02; Fig. 3A ). From the second hour onwards, however, F v /F m values did not decline further, indicating successful acclimation to high light stress in the presence of MOC1 (0.52 6 0.02 at t8h). In contrast, the maximum quantum yield decreased continuously in stm6 (red circles) and was significantly lower in the mutant compared to the complemented strain after 8 h of cultivation (0.52 6 0. An analysis of the stoichiometric composition of the photosynthetic apparatus in low and high lightacclimated cells revealed further differences between stm6 and B13 (Table I; Supplemental Fig. S2 ). Immunodetection of CP43, PSAA, and LHCII was used to quantify changes in the amount of PSII, PSI, and major light harvesting antenna, respectively (Supplemental Fig. S2 ). In B13, the PSI/PSII ratio declined after 8 h of high light exposure, while the opposite trend was observed for stm6, which was mainly based on a decrease in CP43 levels (from 0.99 6 0.16 to 0.43 6 0.02), which were used as a proxy for PSII. To confirm the different PSI and PSII accumulation in B13 and stm6, the PSI/PSII ratios were evaluated also by electrochromic shift measurements (Bailleul et al., 2010) . While at t0 a similar PSI/ PSII ratio was detected for stm6 and B13 (1.39 6 0.23 and 1.60 6 0.12, respectively), after 8 h of illumination a decrease of the PSI/PSII ratio was evident for B13 (PSI/PSII ratio decreased to 0.87 6 0.16), but not for stm6, where rather a significant increase of the PSI/PSII ratio was observed (to 1.80 6 0.23). This increase in the PSI/PSII ratio and the reduction in CP43 levels observed in stm6 might be partly attributed to the strong photoinhibition seen for stm6 cells cultivated in excess light (Fig. 3A) . Consistently, LHCII/PSII ratios increased during the high light treatment only in stm6 (2.71 6 0.57 at t8h versus 0.63 6 0.10 at t0).
Altered mitochondrial respiration has been shown to affect chlororespiration in C. reinhardtii (Houyoux et al., 2011) , a process that can dissipate excess reducing equivalents formed in high light (Houyoux et al., 2011) or during nitrogen deprivation (Saroussi et al., 2016) . To investigate, if an altered PTOX activity in B13 affects photosynthetic electron transport and the plastoquinone (PQ) pool redox state (Fig. 3B ) in the light, we determined the quantum yield of PSII (ФPSII) in the presence and absence of nPG (Formighieri et al., 2012) . In B13 (black squares), inhibition of PTOX (dotted lines) significantly (P , 0.05) reduced ФPSII in low lightgrown cells (t0; 100% versus 86.4 6 1.6% [SE] , whereas the effects of nPG addition were insignificant (P . 0.05) in low light-acclimated stm6 cultures (red circles, 69.3 6 4.4% versus 65.8 6 5.5%). The reduced photochemical quantum yield (;30% lower) of low light-acclimated stm6 cells in comparison to those of B13 could reflect the lowered PSI/PSII ratio (Table I) besides a diminished activity of PTOX. ФPSII differences caused by nPG addition were insignificant (P . 0.05) in high lightacclimated cells (t2h-t8h) of both strains.
Chlororespiration was thus investigated in both strains by recording the postillumination F 0 fluorescence rise in the presence of nPG, which can be used to assess the nonphotochemical reduction of the plastoquinone pool via NAD(P)H:plastoquinone oxidoreductases (Fig. 3, C-H ). In the case of B13, a transient increase of F0 was evident at t0 or after 4 and 8 h of high light illumination, which was further increased in the presence of nPG at t4h and t8h. These results demonstrate that high light increases the rate of nonphotochemical plastoquinone reduction in B13. Differently, in the case of stm6, neither a transient F0 rise nor an effect of nPG could be detected, indicating very low, if any, activity of nonphotochemical PQ reduction in the mutant. As a control, we performed the same experiment on the dum20 mutant (Remacle et al., 2001; Salinas et al., 2014) , which lacks the nd1 subunit of OXPHOS complex I and is thus characterized by a low mitorespiration. As reported in Supplemental Figure S3 , dum20 displayed a strong postillumination F 0 fluorescence rise upon high light treatment and nPG addition, which was more pronounced than the one seen for B13 or stm6. This high rate of PQ reduction in the dark is likely a consequence of the stromal overreduction caused by reduced mitorespiration and has been reported for other mitochondrial mutants before (Houyoux et al., 2011) . To rule out that effects seen on F 0 fluorescence by the addition of nPG are caused by AOX inhibition, we analyzed the F 0 rise in an AOX1 knockdown mutant (T53; Mathy et al., 2010) and the reference strain (Supplemental Fig. S4 ). The relative increase (Mathy et al., 2010) , AOX1 expression was diminished to undetectable levels in strain T53 (Supplemental Fig. S4C ). Therefore, the strong rise in F0 fluorescence upon nPG addition should mainly reflect an inhibition of PTOX.
In the next step, we analyzed the expression modulation of chlororespiratory enzymes following exposure of B13 and stm6 cells to excess light (Fig. 4A) . The C. reinhardtii nuclear genome encodes two PTOX genes, and PTOX2 was shown to represent the major oxidase controlling the PQ redox poise in the dark (HouilleVernes et al., 2011) . Although PTOX1 activity is comparably low in dark-acclimated C. reinhardtii cells (Houille-Vernes et al., 2011) , residual chlororespiratory activity in a PTOX2 knockout mutant together with the phenotype caused by heterologous Cr-PTOX1 expression in tobacco (Ahmad et al., 2012; Feilke et al., 2016) indicate that this enzyme functions as a plastoquinol: oxygen oxidoreductase in vivo. For the dissipation of excess reducing equivalents, PTOX enzymes need to work in concert with chloroplast type II-NAD(P)H dehydrogenases. In response to high light treatment (t2h), the mRNA encoding NDA2 accumulated between twoand 3-fold, with a higher induction noted for B13 (3.42 6 0.64 versus 1.99 6 0.54 in stm6; P . 0.1). In contrast, the mRNA level of NDA3, which is chloroplastlocalized according to a proteomics study , but whose function remains unknown, remained unaltered in response to light stress in strains B13 and stm6.
Following high light exposure, the mRNA encoding PTOX1 accumulated in both cell lines (5.39 6 1.76 versus 1 [B13] and 9.90 6 4.55 versus 2.84 [stm6]; P . 0.1), with a higher starting level at t0 detected in stm6 (2.84 6 0.55 versus 1 in B13; P . 0.1). In contrast, in both strains the level of PTOX2 mRNA did not differ between time points t0 and t2h.
In addition to mRNA levels, the protein levels of NDA2 and PTOX2 were analyzed (Fig. 4B ) because a chlororespiratory function of these two enzymes has already been demonstrated (Jans et al., 2008; Desplats et al., 2009; Houille-Vernes et al., 2011) . Only in B13, Results from immunoblot analyses (Supplemental Fig. S1 ) in conjunction with densitometric scanning of blot signals performed with LL-and HL-grown stm6 and B13 cultures and antisera raised against psaA, CP43, LHCII, and ARSA. The relative content of PSI (psaA) and PSII (CP43) was determined on a per chlorophyll basis; SDs are derived from five biological replicates. Figure 4 . The expression of chlororespiratory enzymes is altered in mutant stm6. A, RT-qPCR analysis of PTOX1/2, and NDA2/3 mRNA levels in B13 and stm6 before (t 0h ) and 2 h after the onset of high light exposure (t 2h ). Values are normalized to the mRNA level found in B13 at t 0h (set to 1). SEs are derived from three biological replicates, each including three technical replicates (n = 3). B, Immunodetection of proteins NDA2, PTOX2, and histone H3. Top: Representative immunoblot results. Loading control: Immunodetection of histone H3 and Coomassie Brilliant Blue-staining (CBB). Bottom: Relative protein levels (B13 t 0 set to 1) obtained by densitometric scanning of immunoblot signals. Error bars indicate the SE derived from three biological replicates, each including three technical replicates (n = 3).
NDA2 protein levels increased significantly by about 87% after a transition from low light to excess light (from 1 [t0] to 1.87 6 0.30 [t8h]; P , 0.05), whereas NDA2 levels remained almost unaltered in stm6 (1.17 6 0.12 versus 1.25 6 0.29). Similarly, PTOX2 levels declined significantly by ;30% only in B13 (1 versus 0.68 6 0.09; P , 0.05), but not in stm6 (0.80 6 0.13 versus 0.75 6 0.08). Thus, high light-acclimated cells of B13 accumulated higher levels of NDA2 than those of stm6 (1.87 6 0.30 versus 1.25 6 0.29: P . 0.1), while the levels of PTOX2 were comparable (0.68 6 0.09 versus 0.75 6 0.08).
An absence of MOC1 impairs the acclimation of C. reinhardtii to excess light, as can be seen by the higher susceptibility of mutant stm6 to photoinhibition (Fig.  3A) . Besides differences in stoichiometric adjustments leading to an altered composition of the photosynthetic apparatus (Table I) , a modulation of chlororespiration as another acclimatory response to excess light is affected in stm6 (Figs. 3, B-H) . At least for high lightacclimated cells, the lower activity of chlororespiration in stm6 versus B13 can be partly explained by the lower expression level of the NAD(P)H:plastoquinone oxidoreductase NDA2 (Fig. 4B) , which accumulates following exposure to light stress in B13 but not in stm6. An accumulation of NDA2 in response to light stress has been reported before (Houyoux et al., 2011) and correlates well with the higher activity of nonphotochemical PQ reduction in high light-treated cells of B13 (Fig. 3, E and G) . Absence of MOC1 in the mutant stm6 leads to a different modulation of respiratory activity in the mitochondrion and chloroplast (Figs. 1-4) . At least in low light-acclimated cells, consumption of cellular reducing equivalents based on mitorespiration is higher in the mutant (Fig. 2A) . The strong reduction of chlororespiratory activity in stm6 (Fig. 3, C-H) indicates that altered respiratory activity in the mitochondrion, also seen in the modes of mitochondrial electron transport preferred by stm6 versus B13 (Figs. 1E and 2, B and D) , might affect the chloroplast redox state. Chlororespiration implicates nonphotochemical plastoquinone reduction using NADPH as a reducing equivalent, and its activity is correlated with the stromal redox poise (Houyoux et al., 2011) .
To determine the redox state of the chloroplast stroma (NADPH:NADP + ratio) in stm6, B13, and a dum mutant (Salinas et al., 2014) , P700 oxidation kinetics were recorded for low light-and high light-acclimated cultures (Fig. 5) . The dum20 mutant (Remacle et al., 2001 ) was included as a reference strain to characterize the effects of a lower activity of mitochondrial respiration on the stromal redox state.
Oxidation of P700 and accumulation of P700 + (the photooxidized primary electron donor of PSI) was followed as a decreased A 705 during illumination of the sample with orange actinic light of different intensities (from 35 to 940 mmol photons m 22 s
21
), exciting both PSI and II (Fig. 5) . Oxidation kinetics were normalized to the maximum level of P700 + determined at 940 mmol photons m 22 s 21 upon addition of methyl viologen and ascorbate. Upon illumination with actinic light, a sharp absorbance decrease can be observed at 705 nm due to a fast rate of electron transport from PSI to NADP + and a slow rereduction mediated by electron flow from NADPH back to P700 + or from the activity of PSII and linear electron flow (Alric et al., 2010) . A steady-state amount of P700 + is reached when both electron transport processes operate at equal rates. In the absence of PSI photoinhibition, the total amount of P700 + that can be obtained is therefore mainly determined by the capacity of electron sinks downstream of PSI (NADP + availability) and the activity of cyclic and linear electron flow.
In low light-acclimated cultures (Fig. 5A ), stm6 (red curve) accumulated the largest fraction of P700 + when actinic light intensities exceeding 35 mmol photons m 22 s 21 were used. The lowest steady-state amount of photooxidizable P700 was seen for strain dum20 (blue curve), which correlates well with the highly reductive cellular redox state and stimulated cyclic electron flow reported for dum mutants (Cardol et al., 2003; Houyoux et al., 2011) .
Similarly, stm6 showed also the largest fraction of P700 + after 8 h of growth under high light conditions (Fig. 5C ), even at the lowest actinic light intensity investigated (35 mmol photons m 22 s 21 ). Again, dum20 mutant showed the lowest fraction of P700 + compared to B13 and stm6, when higher light intensities (560 and 940 mmol m 22 s 21 ) were used, while similar P700 oxidation levels were seen for B13 and dum20 only at lower actinic light intensities.
To block linear and cyclic electron flow during the P700 oxidation measurement, the photosynthetic electron transport inhibitors 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) and 2,5-dibromo-6-isopropyl-3-methyl-1,4-benzoquinone (DBMIB) were added (Fig.  5, B and D) . Under this condition, rereduction of P700 + via PSII activity and due to electron recycling from reduced primary acceptors to PSI is abolished. The obtainable P700 + fraction is then only determined by the availability of primary downstream electron acceptors and hence the stromal redox state. Following the inhibition of photosynthetic electron transport with DCMU and DBMIB, samples showed a higher fraction of P700 + , especially at lower light intensities. Again, and independent of the light intensity used, the highest P700 + fraction was noted for stm6. B13 and dum20 were characterized by a much lower P700 + fraction compared to stm6, with dum20 being the strain with the lowest level of P700 + , especially at lower actinic light intensities. These analyses confirmed that the higher fraction of photooxidizable P700 observed for stm6 is caused by a more oxidized chloroplast stroma, compared to B13 and dum20.
We next wanted to analyze the impact of mitochondrial electron sink capacity on the stromal redox state in further detail by adding inhibitors of mitochondrial electron transport prior to P700 measurements conducted with high-light acclimated stm6 (red bars), B13 (black), and dum20 (blue) cultures (Fig. 5, E and F) . These experiments were performed using an actinic light intensity of 940 mmol m 22 s 21 and by normalizing the observed P700 + to the maximum level of P700+ obtained, as described above. In addition, all experiments were performed in the presence of PET inhibitors (DCMU+DBMIB) to ensure that the differences observed in photooxidizable P700, seen after inhibition of mitochondrial electron transport, indeed reflect a limited availability of NADP + in the chloroplast stroma and not differences in the P700 + rereduction rate based on PSII activity and cyclic electron flow. As shown in Figure 5 , B and D, stm6 accumulates the largest amounts of P700+, followed by B13 and dum20, when PET is inhibited by adding DCMU and DBMIB. Addition of myxothiazol, which can be used to inhibit the cyt bc1 complex (OXPHOS complex III) of the mitochondrial respiratory chain (von Jagow and Engel, 1981) , showed marked effects on P700 + accumulation only in strain dum20, while effects in B13 and stm6 were not evident (Fig. 5 , E and F; DC+DB+M) for both t0 and t8 samples.
The absence of a myxothiazol effect in B13 and stm6 might be explained by a rapid activation of the alternative oxidase pathway in these strains, which bypasses complex III by transferring electrons from reduced ubiquinone directly to oxygen. AOX activity is known to represent a "safety vale" preventing an overreduced state of the cell under conditions when complex III is inhibited (Vishwakarma et al., 2015) . Effects seen in dum20 indicate that the activation of the ). Samples derived from B13 (black curve), stm6 (red curves), and dum20 (blue curves) cultures were analyzed before (A and B) and after acclimation to high light for 8 h (C and D). Measurements were performed in the absence (A and C) or presence (B and D) of DCMU and DBMIB, which inhibits P700 reduction by linear and cyclic electron transport. P700 oxidation kinetics were normalized to the maximum P700 alternative pathway might be delayed in this mutant, resulting in an overreduced mitochondrial redox state, which eventually translates into a more reduced chloroplast stroma. Inhibitors of AOX were thus applied to investigate the relation between AOX activity and stromal redox poise. P700 measurements performed in the presence of DCMU, DBMIB, and nPG (Fig. 5 , DC+DB+nPG) showed a strong reduction in the oxidizable P700 fraction in the case of stm6, whereas effects on dum20 and B13 were absent (t0) or less pronounced (t8h). It is worth mentioning that the remarkable nPG effect on P700 oxidation in stm6 should not be related to PTOX inhibition, since in this mutant chlororespiration was almost not induced (Fig. 3) .
A complete inhibition of mitochondrial respiration (Fig. 5 , E and F; DC+DB+M+S) can be achieved by the combined use of myxothiazol and salicylhydroxamic acid (SHAM; Schonbaum et al., 1971) , which inhibits complex III and AOX at the same time. Addition of these inhibitors strongly diminished the P700 + fraction in stm6 and B13 for both types of samples (t0 and t8), whereas the effect in dum20 was negligible compared to the effect caused by adding myxothiazol alone. Full inhibition of mitochondrial respiration or inhibition of AOX prior to the measurement of P700 oxidation kinetics led to almost identical steady-state levels of P700 + in stm6 and B13 (Fig. 5) , indicating that marked differences in P700+ levels in the presence of PET inhibitors (Fig. 5, B and D) can be explained by a low (dum20), high (stm6), and wild-type-like (B13) reductant sink capacity of the mitochondrion. Importantly, the overoxidized state of the chloroplast stroma in stm6 can be transformed in a reduced state by blocking AOX activity or mitorespiration completely, demonstrating that the high availability of NADP + is caused by a stimulated mitorespiration and not by an increased sink capacity of the Calvin cycle for NADPH (Alric et al., 2010) . The consequences of the higher P700 activity observed in stm6 compared to B13 were then further investigated by measuring the kinetics of plastocyanin (PC) oxidation. As expected, stm6 showed a higher level of PC oxidation and a faster kinetics compared to B13, when normalized to the PSI content (Supplemental Fig.  S5 ). This indicates that the more oxidized stroma stimulates the oxidation of PSI electron donors. Taken together, these results indicate that the flow of reducing equivalents from the chloroplast to mitochondria is enhanced in stm6.
In addition to recording the kinetics of P700 oxidation in the light, P700 + rereduction (Supplemental Fig.  S6 ) was also analyzed after switching off the light, once a steady-state level of photooxidized P700 was reached. The dark rereduction rate of P700+ can be used to estimate the rate of cyclic electron flow, especially when cells are treated with DMCU (Alric et al., 2010) . P700+ rereduction rates were determined for B13, stm6, and dum20 after growth in either low (t0) or high (t8) light intensities (Fig. 6) . In low light-acclimated cultures, the highest rate was seen for dum20 (32.9 6 0.7 s 21 [SD]), followed by B13 (12 6 0.3 s 21 ) and stm6 (9.8 6 1.0 s
).
These rates were decreased by ;23% upon addition of DCMU in B13 and dum20, while a stronger decrease was measured in stm6 (;50% decrease), indicating a substantial contribution of cyclic electron flow in B13 and dum20 but not in stm6. Addition of DCMU and DBMIB instead strongly slowed down P700 + rereduction, with the lowest rate seen for stm6. Growth in high light increased the observed rate in all strains. Cyclic electron flow (CEF) rates obtained from untreated samples were still far lower in stm6 (15.1 6 2.3 s 21 ) compared to B13 (25.1 6 1 s
) and dum20 (69.6 6 5.2 s
). Interestingly, the comparison of P700 rereduction rates observed in samples containing or lacking DCMU demonstrates that only in B13 a substantial linear electron flow was detected, while for both stm6 and dum20 the CEF rates were similar to the rate of P700 rereduction in the absence of DCMU. The higher CEF rate observed for dum20 compared to stm6 at t8 suggests that in dum20 the absence of a DCMU effect is likely related to a strong CEF activation, while in stm6 reduction of linear electron flow is due to PSII photoinhibition, as witnessed by the strong reduction of F v /F m after 8 h of high light treatment (Fig. 3A) . We also analyzed if the lower activity of CEF seen for stm6 under low light conditions (Fig. 6A, DC) could be caused by an altered expression of genes PGR5 and PGRL1 (Supplemental Fig. S7 ). The proteins PGR5 and PGRL1 have already been shown to represent crucial components of the ferredoxin-dependent pathway of cyclic electron transport in C. reinhardtii (Petroutsos et al., 2009; Johnson et al., 2014) . Comparable levels of PGR5/PGRL1 mRNA (Supplemental Fig. S7, A and B ) and PGRL1 protein (Supplemental Fig. S7C ) could be detected in stm6 and B13, when low light and high light-acclimated cultures were analyzed. At least for PGRL1 it can be stated that the amount of this protein should not limit the overall CEF capacity in mutant stm6.
In conclusion, the higher rate of mitochondrial reductant consumption in stm6 results in a higher availability of PSI electron acceptors and thus a less reduced stroma (Fig. 5) , which could provide an explanation for the low rate of cyclic electron flow observed in this mutant (Fig. 6A ).
Several Genes Encoding Components of ChloroplastMitochondria Crosstalk Pathways Are Up-Regulated in Low Light-Acclimated stm6 Cells
Different pathways for the export of chloroplast reducing equivalents to mitochondria have been identified by previous studies conducted mainly with higher plants (Noguchi and Yoshida, 2008) . The triose phosphate-phosphate transporter (TPT) shuttle exports dihydroxyacetone phosphate (Fig. 7) from the chloroplast to the cytosol, which is then converted into glyceraldehyde-3-phosphate (G3P) that can be consumed by glycolysis following two distinct pathways ( Fig.  7 ; GAPN1 and GAP2/PGK2). The nonphosphorylating NADP-dependent glyceraldehyde-3-phosphate dehydrogenase (GAPN1; UniProt KB: A8IYT1; see Supplemental Table S1 for Phytozome locus numbers) catalyzes the conversion of G3P into 3-phosphoglycerate (3-PGA) and NADPH, while a two-step reaction implicating the phosphorylating, NAD-dependent glyceralaldehyde-3-phosphate dehydrogenase (GAP2; A8JFT3) and phosphoglycerate kinase (PGK2; A8JFT4) leads to additional ATP formation. In higher plants, most of the cytosolic G3P should be consumed by the NADP-specific GAP, since its NAD-specific counterpart has a lower affinity for G3P (Scagliarini et al., 1990; Noguchi and Yoshida, 2008) . 3-PGA can be reimported into the chloroplast via exchange with inorganic phosphate. Reducing equivalent formed by these glycolytic reactions can be directly consumed by external (intermembrane space-facing; NDex) type II dehydrogenases, and NDA5 (A6YT86; Fig. 1D ) is one of the two rotenone-insensitive NAD(P)H dehydrogenases with predicted mitochondrial targeting sequences. This enzyme might represent the NDex enzyme of C. reinhardtii, since NDA1 (Lecler et al., 2012) was shown to be located at the inner mitochondrial membrane (matrix-facing; NDin). A BLAST analysis performed with a bona fide TPT from Arabidopsis (Arabidopsis thaliana; APE2; Schneider et al., 2002) predicts the existence of four close homologs (e-values in the range of 3.2 3 10 293 to 4.5 3 10
252
), namely TPT3/APE2 Figure 7 . Overview of the putative pathways that contribute to the export of excess reducing equivalents from the chloroplast to mitochondria in C. reinhardtii. Genes, up-regulated in stm6 (Fig. 8) (UniProt KB: A8HN02), TPT2/PPT2 (Q7XJ66), TPT25/ CGL51 (A8JFB4), and TPT1 (Q84XW3), with chloroplast transit sequences according to Predalgo (Tardif et al., 2012) . Under low light conditions stm6 displays a significantly (P , 0.05) higher mRNA expression of the putative TPT encoded by gene TPT25 (1.97 6 0.31 [SE] versus 1 in B13; Fig. 8A) . Expression of the genes TPT2 (;2.2-fold in B13; P , 0.05; ;1.5-fold in stm6; P . 0.1) and TPT25 (;1.7-fold in B13 [P . 0.1]; ;1.4-fold in stm6 [P . 0.1]) is induced by high light in both strains, whereas TPT1 is down-regulated (0.35 6 0.11 versus 1 in B13; 0.59 6 0.18 versus 1.09 6 0.18 in stm6; P , 0.05 for B13). Accumulation of GAPN1-encoding mRNAs (;2-fold) could also be observed following high light treatment in both strains, but was only significant (P , 0.05) in the case of B13. Induction of GAP2 was only noted for B13 (;1.6-fold; P , 0.05), which was probably due to a higher GAP2 mRNA level in low lightacclimated stm6 cells (1.74 6 0.32; P , 0.1; Fig. 8B ). Significant differences in the mRNA level of PGK2 could not be seen in response to high light exposure, and both strains displayed similar mRNA levels in low and high light (Fig. 8B) .
Cytosolic 3-PGA formed by the action of either GAPN1 or GAP2/PGK2 can be further consumed by glycolytic reactions (PGM, PGH1 [A8JH98]; Fig. 7 ) to yield phosphoenolpyruvate, which is convertible into malate (Mal) via a two-step reaction involving phosphoenolpyruvate carboxylase (PEPC2 [Q6R2V6]) to yield oxaloacetate [OAA] ). The conversion of OAA into Mal consumes NADH and is catalyzed by MDH3 (A8J0W9), which likely represents the cytosolic NADdependent malate dehydrogenase of C. reinhardtii.
Dicarboxylate-tricarboxylate carriers have been identified as shuttle systems for the import of cytosolic malate into plant mitochondria (Picault et al., 2004; Noguchi and Yoshida, 2008) . The Arabidopsis gene At5g19760 encodes a protein with confirmed dicarboxylate-tricarboxylate carriers activity (Picault et al., 2002) , and the closest homolog (E-value 4.7 3 10 2113 ) encoded by the nuclear genome of C. reinhardtii is MITC14 (A8J3F7; MITC14 in Fig. 7 ). Subsequent to its import into mitochondria, conversion of Mal into OAA via malate dehydrogenase generates NADH and MDH4 (A8JHU0) likely fulfils this function in mitochondria of C. reinhardtii. MITC14 as well as MDH4 can be detected in the mitochondrial proteome (Atteia et al., 2009) .
Another export system for excess reducing equivalent formed in the chloroplast is the malate-oxaloacetate shuttle that comprises a plastidic malate dehydrogenase, which transfers reducing equivalents onto OAA to form Mal. Mal is then exported from the chloroplast in exchange with oxaloacetate by transporters located on the chloroplast envelope (Noguchi and Yoshida 2008) . In silico analyses suggest that the Mal-OAA shuttle active in C. reinhardtii could be constituted by MDH5 (Q9FNS5), which is the only NADP-dependent enzyme (Lemaire et al., 2005) with a predicted chloroplast localization and transporters OMT1 (A8JDE3; Terashima et al., 2011) and LCI20 (A8HXJ4; Johnson and Alric 2013) .
Higher levels of transcripts encoding the enolase PGH1 could be detected in stm6 versus B13 in low light ( Fig. 8B; 1 .97 6 0.28 versus 1 at t0; P , 0.05), and in both strains exposure to light stress was accompanied by the accumulation of PGH1 transcript (2.97 6 1.50 versus 1 in B13 and 5.82 6 2.71 versus 1.97 6 0.28 in stm6; P . 0.1). The levels of PEPC2 and MDH3 transcripts remained almost unaltered. and high light (t 3h ) acclimated B13 and stm6 cultures. For each gene, mRNA levels are normalized to the level found in low light-acclimated B13 cells (set to 1). Error bars indicate SEs derived from three biological replicates, each including at least three technical replicates (n = 3). Asterisks indicate significant differences between the two strains, according to a two-tailed Student's t test (*P , 0.05; **P , 0.1). Excess light significantly reduced the level of MITC14 in stm6 (from 1.42 6 0.29 at t0 to 0.59 6 0.14 at t3h; P , 0.1) and in B13 (from 1 to 0.47 6 0.05; P , 0.05). No differences could be observed for the levels of MDH4 RNA in both strains, but MDH5 mRNA was expressed at higher amounts in low light-acclimated stm6 cells (1.95 6 0.05 versus 1; P , 0.05). In B13, MDH5 levels slightly increased in response to light stress (1.43 6 0.18 versus 1; P , 0.1), whereas levels declined in stm6 (1.95 6 0.05 versus 1.65 6 0.20; P . 0.1). Higher levels of MDH5 mRNA in low light-acclimated stm6 cells were accompanied by lower levels of OMT1 (0.64 6 0.11; P , 0.05) and LCI20 (0.62 6 0.02; P , 0.05) mRNA.
Growth of the complemented strain in excess light caused an increased mRNA expression of triosephosphatephosphate translocators (TPT2, TPT25) and GAPN1, which is required for the conversion of G3P to 3-PGA in a reaction implicating the formation of NADPH in the cytosol. Working in concert with NDA5, the combined operation of TPTs and GAPN1 could provide a pathway for the transport for chloroplast reducing equivalents to mitochondria in light-stressed C. reinhardtii cells. The high light induction of genes GAP2 and PGH1 might indicate an increased conversion of cytosolic 3-PGA into malate. However, mRNA expression of the genes potentially involved in the transport of cytosolic malate into mitochondria (MITC14) and its oxidation to oxaloacetate (MDH4) was not induced by high light. In addition to the triophosphate shuttle, the malate valve can be a means to export chloroplast reducing equivalents to mitochondria. Exposure to light stress was accompanied by a higher mRNA expression of the putative malate valve component MDH5, but transporters potentially involved in the export of malate from the plastid (OMT1, LCI20) were not expressed at higher levels under high light.
The induction of several genes, likely implicated in the transport of reducing equivalents from chloroplast to mitochondria, fits well to the observed increase in mitochondrial respiration in response to light stress ( Fig. 2A) . Regarding the increased cooperation between mitochondria and chloroplast in stm6 (Fig. 5) , it is difficult to deduce further supportive evidence from the analysis of mRNA levels, since the number of differentially regulated genes in stm6 versus B13 is too small to see a general trend. Furthermore, genes belong to different pathways, making it difficult to depict a pathway preferentially used by stm6 (Fig. 7) .
DISCUSSION
In C. reinhardtii the mitochondrial mTERF protein MOC1 was demonstrated to act as a transcription terminator, which is needed to prevent read-through transcription at specific sites in the mitochondrial genome. As has been shown previously, under photoheterotrophic conditions a loss of MOC1 in mutant stm6 leads to a specific decrease in the levels of transcript nd1, which encodes a subunit of mitochondrial complex I (Wobbe and Nixon 2013) . Intriguingly, the perturbed regulation of mitochondrial gene expression in stm6 results in a light-sensitive phenotype under photoautotrophic conditions (Nguyen et al., 2011) . In this study, we analyzed how a deregulated mitochondrial respiration in mutant stm6 might contribute to a decreased light tolerance in photoautotrophic conditions.
The light-sensitive phenotype displayed by stm6 indicates that MOC1 could play a special role during the acclimation of C. reinhardtii cells to excess light, and the transfer of low light-acclimated cells to higher light intensities indeed resulted in a strong accumulation of the MOC1 protein (Fig. 1A) . This strong accumulation correlates well with the reduced level of mitochondrial antisense RNAs, which are formed as a result of improper transcription termination at the MOC1 binding site that has been observed in high light-acclimated wildtype cells in a previous study (Wobbe and Nixon 2013) . Increased transcription termination in light-stressed wild-type cells should favor the formation of proteinencoding sense transcripts and result in more prominent differences between the nd1 RNA levels present in MOC1-containing cells and those devoid of MOC1. Indeed, transcript levels of nd1 differed more strongly between B13 and stm6 under excess light conditions (Fig.  1B) . The RNA level of nucleus-encoded complex I and complex IV subunits did not differ significantly between light-stressed stm6 and B13 cells, and only for NUO21 an induction by high light could be observed in strain B13 (Fig. 1C) . Immunoblot analyses (Fig. 1E ) demonstrated that the amount of the nucleus-encoded complex IV subunit COX2B declined (B13) following high light acclimation or remained unchanged (stm6). Considered that there is no concomitant increase in the protein level of mitochondrially encoded cox1 (Fig. 1E) , a higher availability of nucleus-encoded complex IV subunits should anyway not result in higher amounts of complex IV in light-stressed cells. The decline of nd1 transcript levels in high light-treated stm6 cells suggests that an enhanced transcription termination, based on a higher availability of MOC1 in light-stressed wild-type cells, is needed to guarantee a sufficient provision of this mRNA in mitochondria during the acclimation to excess light.
Light Stress Induces a Switch from the Energy-Dissipating to the Energy-Conserving Mode of Mitochondrial Electron Transport
In contrast to the phosphorylating (ATP-generating) cytochrome c pathway, composed of OXPHOS complexes I-V, which are assembled from a multitude of nuclear and mitochondrial subunits, the nonphosphorylating pathway (implicating AOX and type II NAD(P)H dehydrogenases) does not rely on multisubunit complexes. This should facilitate activity modulation of the latter pathway based on expression control in response to excess light (Noguchi and Yoshida, 2008) , and in Arabidopsis mRNA expression of transcripts encoding distinct isoforms of AOX is induced by the application of high light stress (Yoshida et al., 2009 (Yoshida et al., , 2011 . For C. reinhardtii a different response following exposure to light stress could be observed, but more importantly the RNA and protein levels of AOX1 in stm6 exceeded those of B13 in low and high light conditions (Fig. 1, D and E) . At least under low light conditions, the amount of transcripts encoding the type II-NAD(P)H dehydrogenases NDA1 and NDA5 was also elevated in stm6 versus B13 (Fig. 1D) . These findings are in good agreement with the higher contribution of cyanide- (Fig. 2B) and rotenone-insensitive respiration (Fig. 2D) to mitochondrial respiration in stm6. In principle, cyanide-insensitive respiration can be composed of mitochondrial AOX activity and chlororespiration. The low activity of chlororespiration (Fig. 3) and the overaccumulation of AOX1 protein (Fig.  1E) suggest that the high activity of cyanide-insensitive respiration in stm6 is mainly composed of AOX-dependent oxygen consumption. A higher activity of AOX in stm6 has also been observed under photoheterotrophic conditions before (Schönfeld et al., 2004) . Furthermore, the lower contribution of complex I to dark respiration in stm6 compared to B13 (Fig. 2D, t6h and t8h) indicates that the diminished availability of nd1 transcripts (Fig. 1B) might represent a limitation for the assembly of complex I in this strain. Overall light stress induced a switch from energy-dissipating mitorespiration based on the AOX pathway to the energy-conserving cytochrome c pathway. This modulation of respiratory activity in the mitochondrion was mainly achieved by a strong down-regulation of AOX1 expression (Fig. 1, D and E) in response to light stress, a process that occurs in both strains. Importantly, however, stm6 still retains a high AOX1 activity ( Fig. 2B; Supplemental Fig. S1 ) and AOX1 protein levels that exceed those of B13. The higher relative contribution of complex I activity to respiration in light-stressed B13 versus stm6 cells (Fig. 2D ) might reflect the inability of mutant stm6 to maintain the prestress level of transcript nd1 during light stress exposure (Fig. 1B) . The modulation of AOX1 activity noted for light-stressed cells of C. reinhardtii differs from the high light response observed in Arabidopsis, which up-regulates AOX activity following exposure to excess light (Yoshida et al., 2007) . It should be noted, however, that a recent study demonstrated that AOX accumulation in high lightacclimated Arabidopsis plants does not result in an increased activity of alternative respiration, while excess light stimulates the activity of the cytochrome c pathway (Florez-Sarasa et al., 2016) . Besides a switch in the preferred mode of respiratory electron transport, total rates of dark respiration increased significantly in mutant and wild type when challenged by light stress (Fig. 2A) . In line with this observation, several genes encoding components of the crosstalk pathways, connecting chloroplast and mitochondria in C. reinhardtii, were induced on the transcript level by excess light (Figs. 7 and 8 ). This stimulation of dark respiration has already been described as the phenomenon termed light enhanced dark respiration (Padmasree et al., 2002) and is positively correlated with the light intensity and the duration of preillumination in C. reinhardtii (Xue et al., 1996) . Enhanced provision of photosynthate as a substrate for mitochondrial respiration is discussed as the mechanism behind the observed light enhanced dark respiration (Padmasree et al., 2002) . While low light-acclimated cells of stm6 displayed a higher dark respiration rate compared to B13 ( Fig. 2A; t0) , these rates were similar in high light-acclimated B13 and stm6 cultures (t2h-t8h). For high light-acclimated stm6 cells it has, however, to be considered that light stress causes severe PSII photoinhibition in this strain (Figs. 3, A and B, and 6B; Table I ). The higher respiratory capacity of stm6 observed under low light conditions ( Fig. 2A, t0) , could therefore be obscured in light-stressed cells by the reduced provision of respiratory substrates as result from the decline in PSII activity (Fig. 3, A and B) .
Higher rates of dark respiration in acetate-containing media have been observed before (Kruse et al., 2005) and were proposed to represent one of the main reasons for the rapid induction of photosynthetic hydrogen production in this mutant (Nguyen et al., 2011; Volgusheva et al., 2013) . Considering the effect of a MOC1 inactivation on mitochondrial nd1 expression (Wobbe and Nixon, 2013; Fig. 1B) and the lower activity of complex I found in stm6 (Fig. 2D) , the up-regulation of nonphosphorylating pathways in stm6 seems counterintuitive, since a reduced electron flow through complex I should reduce mitochondrial ATP yields. An increase of total respiration rates in the mitochondrion, however, might represent a compensatory mechanism that helps to maintain sufficient ATP production. A complete deficiency of complex I has different outcomes in higher plants and the green alga C. reinhardtii (Sabar et al., 2000; Remacle et al., 2001; Kuhn et al., 2015) . While complex I mutants from C. reinhardtii show decreased rates of dark respiration (Remacle et al., 2001) , corresponding Arabidopsis and tobacco (Nicotiana tabacum) mutants show an increased dark respiration and a concomitant stimulation of AOX-based respiration (Sabar et al., 2000; Kühn et al., 2015) . A stimulation of total mitorespiration and AOX activity was also observed in an Arabidopsis mutant, which contains only trace amounts of functional complex I (Kühn et al., 2015) . It remains, however, difficult to compare the situation in stm6 with the one existing in constitutive complex I mutants, since stm6 still retains a significant complex I activity, although the modulation of complex I activity is perturbed (Fig. 2D) .
The Enhanced Electron Sink Capacity of Mitochondria in stm6 Perturbs the Chloroplast Redox Poise
While mitorespiration in stm6 is increased under low light conditions, the activation of the chlororespiratory pathway by light stress is perturbed ( Figs. 2A and 3 , C-H). The diminished activity of chlororespiration in stm6 is partly caused by an inability to induce the expression of NDA2 as a component of the chlororespiratory pathway (Fig. 4B) . On the other hand, it has been proposed that chlororespiration, a pathway that consumes NADPH, could be activated as a response to the stromal overreduction, occurring in C. reinhardtii during growth in high light (Houyoux et al., 2011) . The reduced activity of this pathway in the mutant should therefore also reflect the more oxidized stroma found in stm6 (Fig. 5) . This could also be noted (Supplemental Fig. S3 ) for the dum20 strain used in this study, whose stromal compartment is overreduced (Fig. 5, dum20) . These observations indicate a negative correlation between the capacity of mitochondrial reductant uptake and the activity of chlororespiration. Experiments with inhibitors for complex III and AOX (Fig. 5) revealed that the differences seen between dum20, B13, and stm6 in terms of their stromal redox state (Fig. 5) are largely attributable to the distinct activity of mitochondrial respiration in these strains. Similar stromal redox states in B13 and stm6 following complete inhibition of mitochondrial respiration or specific inhibition of the alternative pathway (Fig. 5) further demonstrate that the more oxidized stroma in chloroplasts of stm6 is a direct result of an increased mitochondrial reductant sink capacity with a significant contribution of the AOX pathway (Figs. 1, D and E, and 2B). Although evidence for an enhanced flow of plastidic reducing equivalents to mitochondria in stm6 exists (Figs. 2 and 5 ), mRNA expression analyses of genes encoding components of the chloroplast-to-mitochondria crosstalk pathways (Figs. 7 and 8) did not provide further insights into the pathways preferentially used by stm6. Additional work will be needed to depict the precise mode of redox crosstalk between chloroplast and mitochondria in stm6.
Light Acclimation Mechanisms Controlled by the Stromal Redox State Are Affected in stm6
The question arises how the stimulation of mitochondrial reductant uptake and the resulting perturbation of the stromal redox poise in stm6 contribute to its light-sensitive phenotype (Figs. 3, A and B, and 6B; Table I ). A transfer of stm6 cells from low light to high light conditions causes strong photoinhibition of PSII as can be seen by a loss of activity (Fig. 3A) and a diminished number of PSII complexes compared to high light-acclimated B13 cells (Table I) .
The enzyme PTOX has been proposed to act as a "safety valve," protecting PSII by preventing the overreduction of the PQ pool (Ort and Baker, 2002) . A significant impact of PTOX inhibition on the PQ pool redox state could only be noted for low light-acclimated B13 cultures (Fig. 3B ), indicating that PTOX activity contributes more to PSII protection in B13 compared to stm6. PTOX can be either supplied with electrons from water-splitting at PSII, or from the oxidation of NADPH by NADPH:plastoquinone oxidoreductases. The latter pathway feeds electrons into the PQ pool in a PSII-independent fashion and involves NDA2 in C. reinhardtii (Jans et al., 2008; Houyoux et al., 2011) . This pathway is severely impaired in low light-and high light-acclimated cells of stm6, as demonstrated by the absence of a postillumination F0 rise in this mutant (Fig. 3, C-H) . Besides the limited substrate supply for the nonphotochemical reduction of the PQ pool in the more oxidized stroma of stm6 (Fig. 5) , activity could be additionally restricted by the availability of NDA2 (Fig.  4) . Although chlororespiration should be a means to prevent PQ pool overreduction and could dissipate excess reducing equivalents in the chloroplast, the restricted electron flow capacity of this pathway challenges its prominent role for PSII protection under high light conditions (Nawrocki et al., 2015) .
Among the most important mechanisms for PSII protection is the so-called energy-dependent quenching qE, which reduces PSII excitation pressure under excess light conditions and is activated by an acidification of the thylakoid lumen (Wobbe et al., 2016) . The strongly diminished qE capacity of mutants lacking components of the ferredoxin-PGRL1/PGR5 pathway of cyclic electron flow indicates that this process is required for the lumen acidification, which triggers qE (Kukuczka et al., 2014; Johnson et al., 2014) . A reduced nonphotochemical quenching capacity has also been demonstrated for stm6, which could be partly explained by an inability to induce the expression of LHCSR3 (Nguyen et al., 2011) . Low light-acclimated cells of stm6 show a reduced CEF capacity compared to B13 (Fig. 6A,  t0 ), which could impede acclimation mechanisms that are triggered by an acidification of the thylakoid lumen, such as qE or chlororespiration. Recently, it was shown that PTOX1 from C. reinhardtii, when heterologously expressed in tobacco, only attaches to the thylakoid membrane under alkaline conditions in the stroma (Feilke et al., 2016) , which suggests that chlororespiration might be fine-tuned by CEF rates. The reduced CEF capacity of stm6 cells prior to the onset of light stress might thus restrict the induction of qE and contribute to PSII photoinhibition. High CEF rates are typically seen following the establishment of an overreduced state in C. reinhardtii cells, which can be achieved by the inhibition of mitochondrial respiration in anaerobic conditions (Takahashi et al., 2013) . Against this background, the low CEF activity of stm6, whose stroma is more oxidized (Fig. 5, t0) , fits well to its stimulated mitochondrial respiration in low light conditions ( Fig. 2A,  t0 ). In addition to the CEF pathway, implicating PGR5 and PGRL1, another pathway involving NDA2 exists in C. reinhardtii (Jans et al., 2008; Desplats et al., 2009) , which can represent the main CEF pathway under certain stress conditions (Saroussi et al., 2016) . The activity of NDA2-dependent, nonphotochemical PQ reduction is low in stm6 (Fig. 3, C-H) and at the same the modulation of NDA2 expression is perturbed in the mutant (Fig. 4B) . This altered activity of NDA2 should contribute to the CEF phenotype noted for stm6. For low light-acclimated cells of stm6, the diminished activity of NDA2 (Fig. 3, C and D) cannot be explained by a limited availability of the enzyme (Fig. 4B, t0 ), but should rather reflect a restricted substrate supply in a more oxidized stroma (Fig. 5, t0) , which is in turn caused by a stimulated mitorespiration. Increased mitorespiration observed in stm6 is thus responsible for decreasing reducing power in the stroma, subtracting the feedback mechanism used by green algae and higher plants to manage exposure to high light. In this context, it should be noted that this study was conducted with cultures grown in CO 2 -enriched air (2% [v/v] ), which was recently found to be associated with a low contribution of LHCSR3-dependent qE to photoprotection (Correa-Galvis et al., 2016; Polukhina et al., 2016) . It is therefore likely that the impairment of other photoprotective mechanisms, controlled by the stromal redox state, also contributes to the enhanced susceptibility of stm6 to photoinhibition. In general, the need for a mitochondrial electron sink that helps reduce the excitation pressure in the chloroplast should also depend on NPQ capacity as another mechanism to avoid the accumulation of excess reducing equivalents. The extent of cooperation between mitochondria and chloroplast might therefore differ between distinct metabolic modes of a C. reinhardtii cell, as the preference for a certain photoacclimation strategy changes in response to an altered carbon supply (Polukhina et al., 2016) . A study, conducted with a PGRL1-deficient cell line from C. reinhardtii, which cannot reequilibrate the plastidic ATP/NADPH balance based on CEF activation, revealed that this mutant adapts to the CEF impairment based on higher rates of Mehler reactions and Mehlerlike reactions catalyzed by flavodiiron proteins at PSI, besides an increased cooperation between chloroplast and mitochondria (Dang et al., 2014) . This indicates that an uptake of excess reducing equivalents by mitochondria is only one of several mechanisms that help prevent overreduced states in a C. reinhardtii chloroplast during the acclimation to excess light As mentioned above, in C. reinhardtii, CEF is stimulated by anaerobic conditions, a physiological situation that is associated with a decreased capacity of the mitochondrion to act as a reductant sink and that ultimately leads to an overreduced state of the chloroplast stroma (Takahashi et al., 2013) . Interestingly, stm6 also shows impaired CEF under anaerobic conditions (Kruse et al., 2005) , which resemble the full inhibition of mitorespiration caused by inhibitor treatment (Fig. 5, E  and F) . Under anaerobic, hydrogen-producing conditions, stm6 prefers linear photosynthetic electron transport to the hydrogenase to prevent an accumulation of reducing equivalents in the chloroplast (Kruse et al., 2005; Volgusheva et al., 2013) . A difference between these two mechanisms that relieve the plastidic redox pressure, caused by a diminished mitochondrial uptake of reducing equivalents, might be the regulation of involved components. So far, a redox regulation of hydrogenase activity has not been described, but several lines of evidence exist for the activity modulation of PGRL1 by the thioredoxin system, whose activity state is itself tightly coupled to the stromal redox poise (Petroutsos et al., 2009; Hertle et al., 2013) . Against this background, it might be speculated that the impaired activation of CEF is a consequence of the perturbed redox poise in chloroplasts of stm6.
A previous study revealed that stm6 shows a state transition phenotype by being blocked in state I under aerobic conditions when light, preferentially exciting PSII, is applied, while anaerobiosis induces state II in stm6 cells (Schönfeld et al., 2004) . This phenotype could also be connected to the perturbed stromal redox poise in stm6, since the activity of STT7 kinase, which initiates state I-state II transitions by phosphorylating LHCII proteins, was proposed to be regulated by the ferredoxinthioredoxin system (Rintamäki et al., 2000) . Interestingly, stm6 shows an enhanced mitochondrial electron sink capacity and is blocked in state I, while dum mutants, characterized by lower rates of mitochondrial respiration, are blocked in state II (Cardol et al., 2003) . The fact that anaerobiosis, a situation when mitochondrial respiration is inhibited, can be used to drive stm6 into state II, further supports the view that an altered mitorespiration in stm6 contributes to the state transition phenotype.
The switch from nonphosphorylating to phosphorylating (energy conserving) modes of mitochondrial respiration, seen during the acclimation to excess light (Fig. 2) , could serve two functions. Besides relieving the chloroplast redox pressure caused by excess light, the increased contribution of the cytochrome c pathway should generate extra ATP. A metabolic modeling study conducted with C. reinhardtii indicated that under photoautotrophic conditions, an export of sugar (G3P/dihydroxyacetone phosphate) from the chloroplast coupled to its consumption via glycolysis, TCA cycle, and oxidative phosphorylation is associated with higher ATP yields than those that can theoretically be obtained by photophosphorylation in the chloroplast (Kliphuis et al., 2011) . In diatoms, it was recently shown that carbon dioxide fixation depends on the import of mitochondrial ATP into the chloroplast, which is generated from reducing equivalents that were formed in the chloroplast (Bailleul et al., 2015) . The enhancement of mitochondrial transcription termination (Wobbe and Nixon, 2013) caused by elevated levels of MOC1 (Fig.  1A) could be a central part of the regulatory switch observed in mitochondria of light-stressed C. reinhardtii cells, and its impairment leads to a perturbed chloroplast redox poise.
CONCLUSION
In C. reinhardtii, the acclimation to excess light not only modulates photosynthetic electron transport but also the modes of mitochondrial electron flow by favoring ATP-forming pathways. An increased cooperation between mitochondria and chloroplast in light stress is evidenced by higher rates of mitochondrial respiration and the transcriptional up-regulation of metabolic pathways that connect plastidic and mitochondrial NAD(P)H pools. In addition to mitochondrial respiration, chlororespiration is activated when C. reinhardtii is exposed to excess light. A loss of the mTERF protein MOC1, which is needed for proper transcription termination in C. reinhardtii mitochondria, disrupts mitochondrial light acclimation and stimulates mitochondrial reducing equivalent uptake in the MOC1-free mutant stm6 based on a high activity of the AOX pathway. The constitutively enhanced electron sink capacity of mitochondria in stm6 is detrimental for the activation of photoprotective mechanisms controlled by the stromal redox poise such as chlororespiration and partly explains its high-light sensitive phenotype.
MATERIALS AND METHODS
Chemicals and Enzymes
nPG, potassium cyanide, DCMU, DBMIB, myxothiazol, and SHAM were purchased from Sigma-Aldrich.
Statistical Analysis
Students' two-tailed t test for independent samples was applied to statistically evaluate results, and two significance thresholds were distinguished (P , 0.05/P , 0.1). Error bars indicate either SE or SD, and the number of replicates used to calculate SE and SD is indicated in the figure legends.
Strains and Culture Conditions
The MOC1 knockout mutant stm6 was generated via random insertion of plasmid pArg7.8 (Debuchy et al., 1989) , carrying the Arg-7 gene, into the nuclear genome of the Arg auxotrophic strain, CC1618. The MOC1-complemented strain B13 (Schönfeld et al., 2004) was generated by cotransforming stm6 with a 37-kb Moc1-containing cosmid isolated from a cosmid library and the Cry1 gene as a dominant selectable marker conferring resistance to emetine (plasmid p613; Nelson et al., 1994) . Mutant dum20 (Remacle et al., 2001 ) and the AOX1 knockdown strain (T53; parental strain cw15 arg7-8 mt + ) along with its reference strain cw15 mt + (strain 83; Mathy et al., 2010) were kindly provided by C.
Remacle (University of Liége, Belgium). Dum20 is derived from wild-type 137C and lacks OXPHOS complex I activity completely, due to the deletion of one T at codon 243 of the mitochondrial gene nd1 (Remacle et al., 2001) . Liquid cultures of Chlamydomonas reinhardtii, bubbled with carbon dioxideenriched air (2% v/v), were cultivated photoautotrophically in HSM (Harris, 2009) 
SDS-PAGE and Immunoblotting
For the preparation of SDS-PAGE samples, cell pellets containing 10 7 cells
were resuspended in 100 mL lysis buffer (2% [w/v] SDS, 60 mM Tris-HCl, pH 6.8, 100 mM dithiothreitol, and 10% [w/v] glycerol) and boiled for 5 min at 95°C. The protein concentration in samples was determined using the amido black assay (Popov et al., 1975) . Protein samples (10 mg per lane) were separated on 10% (w/v) or 15% (w/v) denaturing SDS-PAGE gels containing 6 M urea and stained with Coomassie Brilliant Blue R-250 or electroblotted onto nitrocellulose membrane (0.2-mm pore size; GE Healthcare). Immunoblotting analyses were performed using specific primary antibodies and a horseradish peroxidase-conjugated secondary antibody (Agrisera). Signals were visualized using the FUSION-FX7 detection system (Peqlab). The following polyclonal antisera were used as primary antibodies: rabbit anti-MOC1 (Wobbe and Nixon 2013) , rabbit anti-AOX1 (kindly provided by Sabeeha Merchant), rabbit anticox1 (S. Merchant), anti-COXIIb (Agrisera; product AS06151), rabbit antihistone H3 (Agrisera; product AS10710), rabbit anti-NDA2 (kindly provided by Claire Remacle (University of Liège, Belgium), rabbit anti-PTOX2 (kindly provided by Xenie Johnson, CEA, Cadarache), and rabbit anti-PGRL1 (kindly provided by M. Hippler, University of Muenster, Germany). Immunodetection and quantification of proteins PSAA, CP43, LHCII, and ARSA (Formighieri et al., 2013) was performed as described previously (Bonente et al., 2012) .
RT-qPCR
Real-time RT-PCR was performed with total RNA samples that were subjected to DNaseI (RQ1 RNase-free DNase; Promega) digest prior to reverse transcription and PCR amplification using the SensiFAST SYBR No-ROX One-Step Kit (BIOLINE). SYBR Green I fluorescence was recorded on a DNA Engine Opticon (Bio-Rad).
Per sample 100 ng total RNA was used and RPL13 (gene ID: 5718254) as well as RACK1 (gene ID: 5723548) served as housekeeping genes. Primer sequences are given in Supplemental Table S2 . Relative mRNA expression levels for transcripts in mutant stm6 and the complemented strain (B13) were calculated according to Pfaffl (2001) .
Whole Cell Respiration
Samples derived from low light (t 0 )-/high light (t 2-8h )-acclimated photoautotrophic stm6/B13 cultures were subjected to respiratory rate measurements in the dark using a Clark-type O 2 electrode (Oxygraph Plus; Hansatech Instruments; Clark, 1956) . Respiratory rates (RR), measured at 25°C, were normalized to hemocytometer cell counts (Neubauer Improved) in order to compare total rates of cellular respiration in B13 and stm6.
To discriminate between the individual contributions of the alternative, the cytochrome c pathway, and complex I versus rotenone-insensitive dehydrogenases, dark respiration measurements were conducted as follows: cell samples (10 7 cells in 2 mL) were directly transferred from photobioreactors to the measurement chamber of the Clark electrode. After 1 min, respiration rates were recorded for 2 min prior to the addition of the first inhibitor. Then respiration rates were recorded for 2 additional min before the second inhibitor (omitted for complex I) was added to the sample and measurements were continued for another 2 min. Alternative respiration (AOX+PTOX) was inhibited by adding 1 mM nPG (Cournac et al., 2000; Møller et al., 1988) , while the cytochrome c oxidase pathway (complex IV) was inhibited by adding 1 mM potassium cyanide (KCN; Mathy et al., 2010) . Rotenone (Møller et al., 1993; Lecler et al., 2012 ) was used at a concentration of 100 mM to inhibit complex I activity. To assess the relative contribution of the cytochrome c oxidase pathway, respiration was first measured in the absence of inhibitors (set to 100%) before alternative respiration was inhibited by adding nPG. Cytochrome c-dependent respiration was then inhibited using KCN and the residual respiration determined in relation to the uninhibited state. The contribution of alternative respiration was determined by reversing the order of inhibitor addition (KCN followed by nPG).
Chlorophyll Fluorescence Analyses
To determine the F v /F m and ФPSII of low light (t 0 )-and high light (t 2-8h )-acclimated cells grown in photoautotrophic media, 2-mL samples of the culture were incubated in the dark and aerated for 20 min. Chlorophyll fluorescence changes were recorded during a 10-min induction curve with actinic light (800 mmol photons m 22 s
21
) using a Mini PAM (Waltz) and fluorescence parameters calculated according to the following equations (Maxwell and Johnson 2000) :
Chlorophyll rereduction in the dark after illumination with 150 mmol photons m 22 s 21 was measured in the presence or absence of 1 mM nPG as described by Houille-Vernes et al. (2011) .
P700 Oxidation Kinetics
PSI reaction center activity was monitored as a transient decrease of 705-nm absorption as previously described, using a JTS 10-LED pump-probe spectrometer (Bio-Logic SAS; Bonente et al., 2012) . In particular, P700 oxidation kinetics were measured applying an actinic orange light at different light intensities, from 35 to 940 mmol m 22 s 21 . DCMU, DBMIB, myxothiazole, SHAM, and nPG were added as reported in "Results" before measurements at concentrations of 10 mM, 2 mM, 5 mM, 1 mM, and 1 mM, respectively. Maximal P700 + levels were determined at 940 mmol photons m 22 s 21 in the presence of DCMU, DBMIB, ascorbate (2 mM), and methyl viologen (1 mM). P700 + rereduction kinetics in the dark were investigated after 30 s of illumination with 940 mmol photons m 22 s 21 and fitted with an exponential function (Alric et al., 2010) .
Plastocyanin oxidation kinetics were measured using the same set up described for P700 oxidation kinetics but using a probing light at 740 nm.
PSI/PSII Ratio Analysis by Electrochromic Shift
Electrochromic shift was measured to evaluate the PSI/PSII ratio on whole cells untreated or treated with DCMU and hydroxylamine as described by Bailleul et al. (2010) .
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